Delivery of Cytosolic Components by Autophagic Adaptor Protein p62 Endows Autophagosomes with Unique Antimicrobial Properties  by Ponpuak, Marisa et al.
Immunity
ArticleDelivery of Cytosolic Components by Autophagic
Adaptor Protein p62 Endows Autophagosomes
with Unique Antimicrobial Properties
Marisa Ponpuak,1,2 Alexander S. Davis,1 Esteban A. Roberts,1 Monica A. Delgado,1 Christina Dinkins,1 Zijiang Zhao,3
Herbert W. Virgin IV,3 George B. Kyei,1 Terje Johansen,4 Isabelle Vergne,1 and Vojo Deretic1,*
1Department of Molecular Genetics and Microbiology, University of New Mexico School of Medicine, Albuquerque, NM 87131, USA
2Department of Microbiology, Faculty of Science, Mahidol University, Bangkok 10400, Thailand
3Department of Pathology and Immunology, Washington University School of Medicine, St. Louis, MO 63110, USA
4Biochemistry Department, Institute of Medical Biology, University of Tromsø, 9037 Tromsø, Norway
*Correspondence: vderetic@salud.unm.edu
DOI 10.1016/j.immuni.2010.02.009SUMMARY
Autophagy allows cells to self-digest portions of their
own cytoplasm for a multitude of physiological
purposes, including innate and adaptive immunity
functions. In one of its innate immunity manifesta-
tions, autophagy, is known to contribute to the killing
of intracellular microbes, including Mycobacterium
tuberculosis, although the molecular mechanisms
have been unclear. Here, we delineated sequential
steps of the autophagic pathway necessary to
control intracellular M. tuberculosis and found that
in addition to autophagy initiation and maturation,
an accessory autophagy-targeting molecule p62
(A170 or SQSTM1) was required formycobactericidal
activity. The p62 adaptor protein delivered specific
ribosomal and bulk ubiquitinated cytosolic proteins
to autolysosomes where they were proteolytically
converted into products capable of killing M. tuber-
culosis. Thus, p62 brings cytosolic proteins to autoly-
sosomes where they are processed from innocuous
precursors into neo-antimicrobial peptides, explain-
ing in part the unique bactericidal properties of auto-
phagic organelles.
INTRODUCTION
Autophagy is an evolutionary conserved process whose broad
impact on innate and adaptive immunity has only recently been
recognized (Deretic and Levine, 2009; Levine and Deretic,
2007; Mu¨nz, 2009). In its most generic form, autophagy is
a dual purpose homeostatic mechanism that maintains the cyto-
plasm of eukaryotic cells in good repair and reuses cytosolic
components as a nutrient reserve at times of starvation or growth
factor withdrawal (Mizushima et al., 2008; Xie and Klionsky,
2007; Yoshimori and Noda, 2008). Autophagy manifests itself
morphologically by the formation of double-membrane organ-
elles, termed autophagosomes, capturing a variety of cyto-
plasmic components destined for degradation due to damage,excess, or metabolic needs (Mizushima et al., 2008; Xie and
Klionsky, 2007; Yoshimori and Noda, 2008). Autophagic targets
can be cytoplasmic protein aggregates that are recognized and
collected by the adaptor molecules p62 (also known as A170 or
SQSTM1) and NBR1 (Bjørkøy et al., 2005; Kirkin et al., 2009;
Korolchuk et al., 2009; Pankiv et al., 2007), large portions of
the cytosol, whole organelles such as ribosomes (Kraft et al.,
2008a; Kundu et al., 2008) and mitochondria (Pua et al., 2009),
and intracellular microbes, whether they are bacteria, protozoa,
or viruses (Levine and Deretic, 2007). Once autophagosomes
surround their cytoplasmic targets, they fully close and mature
into acidified, lytic organelles, termed autolysosomes, that carry
out the breakdown of the sequestered contents (Mizushima
et al., 2008; Xie and Klionsky, 2007; Yoshimori and Noda, 2008).
Autophagy is controlled by signaling systems; specialized
Atg factors that physically execute initiation, elongation, and
maturation stages of autophagy; and accessory proteins,
including p62, which match nascent autophagosomes with
targets slated for autophagy (Bjørkøy et al., 2005; Kirkin et al.,
2009; Korolchuk et al., 2009; Pankiv et al., 2007). Autophagy
induction is governed by two distinct signaling complexes:
Tor-Atg13-Atg1 (Chang and Neufeld, 2009; Hosokawa et al.,
2009) and Beclin 1 (Atg6)-Atg14-hVPS34 (Itakura et al., 2008;
Matsunaga et al., 2009; Wei et al., 2008; Zhong et al., 2009).
These systems respond to amino acid and energy starvation
cues and absence of growth factors and receive a variety of
stress inputs (hypoxia, genotoxicity, ER stress). They also
respond to immune mediators, such as cytokines (Harris et al.,
2007), and presence of microbial products detected via pattern
recognition receptors (Delgado et al., 2009; Xu et al., 2007) or
Fcg receptor (Huang et al., 2009).
The execution stages of autophagosome formation depend on
two interconnected protein-protein and protein-lipid conjugation
systems (Mizushima et al., 2008; Xie and Klionsky, 2007; Yoshi-
mori and Noda, 2008): first, the Atg5-Atg12 covalent conjugate
noncovalently complexed with Atg16 in yeast and in human
cells, complexed with its ortholog, the risk factor in inflammatory
bowel disease ATG16L1 and second, Atg8 (in mammalian
systems known as LC3) conjugated at the C terminus to
phosphatidylethanolamine that allows it to associate with and
participate in the elongation of the growing autophagosomal
membrane. Bridging this basal autophagy apparatus withImmunity 32, 329–341, March 26, 2010 ª2010 Elsevier Inc. 329
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objects destined for autophagic degradation, with the best
characterized ones being p62 and NBR1. NBR1 and p62 interact
with the basal autophagy apparatus through direct association
with LC3 and recognize ubiquitin tags on protein aggregates
earmarked for autophagic degradation (Bjørkøy et al., 2005;
Kirkin et al., 2009; Pankiv et al., 2007). In addition to the above
factors, autophagosome acidification, cytoskeletal components
(Fass et al., 2006; Ko¨chl et al., 2006), and lysosomal proteases
are integral to the proper execution and function of the autopha-
gosomal pathway (Mizushima et al., 2008; Xie and Klionsky,
2007; Yoshimori and Noda, 2008).
Autophagy can eliminate intracellular microbes (Levine and
Deretic, 2007). Autophagy kills intracellular Mycobacterium
tuberculosis (Alonso et al., 2007; Biswas et al., 2008; Delgado
et al., 2008; Gutierrez et al., 2004; Singh et al., 2006; Xu et al.,
2007), despite this pathogen’s ability to block several antimicro-
bial mechanisms of the macrophage (Vergne et al., 2004) and
despite its capacity to survive in conventional phagolysosomes,
a property well known since the classical studies by Hart and
colleagues (Armstrong and Hart, 1975). The case of M. tubercu-
losis brings to the fore the fundamental differences in the micro-
bicidal capacity of autolysosomes versus phagolysosomes and
highlights the need to understand the specific properties and
stages of the complex autophagic pathway that render autopha-
gic organelles particularly microbicidal. In this study, we show
that p62, a molecule that targets cytosolic proteins to autopha-
gosomes, is critical for the elimination of the tubercle bacilli.
The autophagic adaptor protein p62 delivered specific cytosolic
components, including ribosomal protein S30 (rpS30) and
additional ubiquitinated targets to autophagic organelles, where
they were processed into mycobactericidal products. Without
p62, these neo-antimycobacterial factors were not generated,
autophagy was rendered harmless despite its unabated
progression through the maturation stages, and intracellular
M. tuberculosis was not efficiently eliminated.
RESULTS
Both Autophagosome Formation and Maturation
Are Important for Autophagy-Mediated Killing
of the Tubercle Bacilli
We tested sequential stages and representative factors and
processes along the autophagic pathway for their requirement
in elimination of mycobacteria. The initial screen included Atg5,
autophagosome acidification, cytoskeletal components, and
lysosomal proteases, which are needed for autophagosome
formation, maturation, and digestion of the captured cargo. We
used an established killing assay with short term stimulation of
autophagy (Gutierrez et al., 2004; Ponpuak et al., 2009), which
has the advantage of avoiding secondary effects potentially
associated with longer term incubation (Ponpuak et al., 2009),
although the changes in colony forming units (CFU) are lesser
in magnitude than in overnight incubations (Alonso et al.,
2007). To test whether Atg5 was necessary for autophagic
control of mycobacteria, we targeted Atg5 by siRNA in the
RAW264.7 macrophage cell line and assayed M. tuberculosis
H37Rv survival by plating (Figure 1A). The Atg5 targeting was
verified by immunoblotting (Figure S1A available online). Deple-330 Immunity 32, 329–341, March 26, 2010 ª2010 Elsevier Inc.tion of Atg5 reduced autophagic killing of M. tuberculosis H37Rv
in infected cells (Figure 1A). The same effect was observed in
primary, bone-marrow-derived macrophages (BMM) isolated
from mice with the Atg5 gene conditionally deleted in myeloid
cells via the LyzM-Cre Atg5fl/fl system (Figure 1B). The absence
of Atg5 expression in LyzM-Cre Atg5fl/fl macrophages was
validated by immunoblots (Figure S1B). These data indicate
that autophagosome formation is important for autophagic
restriction of mycobacteria.
We next tested whether autophagosome acidification is
required for autophagic killing of the tubercle bacilli. When the
infected RAW264.7 or BMM cells were treated with bafilomycin
A1, an inhibitor of vacuolar H+ ATPase, or with NH4Cl as a source
of the weak base ammonia, autophagic control of the tubercle
bacilli was reduced (Figures 1C and 1D). Hence, the acidic pH
is necessary for autophagy-mediated control of mycobacteria.
The cytoskeletal components, primarily microtubules (Fass
et al., 2006; Ko¨chl et al., 2006) and possibly actin (Aplin et al.,
1992), have been implicated in the formation and maturation of
autophagic vacuoles. When RAW264.7 or BMM cells were
infected with mycobacteria and then treated with nocodazole
or cytochalasin D, a decrease in autophagic control of the
microbe was observed (Figures 1E and 1F). Therefore, cytoskel-
etal elements playing a role in autophagy, including microtubules
and F-actin, are needed for autophagic killing of mycobacteria.
Next, we tested whether lysosomal hydrolases are important
for autophagic elimination of mycobacteria. When RAW264.7
or BMM were treated with E64d, an inhibitor of cathepsins B
and L, and pepstatin A, an inhibitor of cathepsin D, during auto-
phagic induction, this protected mycobacteria from autophagic
killing (Figures 1G and 1H). Thus, lysosomal proteases are
important for autophagic restriction of mycobacteria. Collec-
tively, these results show that the elimination of the tubercle
bacilli by autophagy requires all typical stages of autophagy,
from the formation of autophagosomes to their maturation into
functional degradative organelles.
Adaptor Protein p62 Is Required for Autophagic Control
of Mycobacteria
The adaptor protein p62 is an autophagy-targeting molecule
recognizing ubiquitinated cytoplasmic components and deliv-
ering them for degradation (Bjørkøy et al., 2005; Ichimura et al.,
2008; Komatsu et al., 2007; Noda et al., 2008; Pankiv et al.,
2007; Shvets et al., 2008). Because ubiquitin has been found
to be in association with phagosomes (Houde et al., 2003) and
bacteria (Perrin et al., 2004) and following autophagic induction
there is an accumulation of ubiquitin in phagosomal organelles
containing mycobacteria (Alonso et al., 2007), we tested whether
p62 might play a role in autophagic killing of the tubercle bacilli.
We observed p62 colocalizing with intracellular organelles
containing mycobacteria in cells subjected to induction of
autophagy by starvation (Figures 2A and 2B). Movies S1 and
S2 show that p62 puncta dynamically interact with mycobacte-
rial phagosomes. As expected (Komatsu et al., 2007), p62 and
endogenous LC3 showed colocalization (Figure S2A). Moreover,
the colocalization of p62 with mycobacterial phagosomes
depended on Atg5 (Figures S2B and S2C). This accumulation
was specific for p62 because we did not find an increase in
mycobacterial phagosome colocalization with NBR1, another
Figure 1. Factors Crucial for Autophagic Control of Mycobacteria
(A) RAW264.7 cells were transfected with siRNAs against Atg5 or scramble (Scb) control. At 48 hr after transfection, cells were infected withM. tuberculosisH37Rv
and subjected to autophagic induction by starvation for 4 hr. Cells were then lysed to determine the number of viable bacteria by plating colony forming units (CFU).
(B) Atg5-deficient BMM cells were infected with M. tuberculosis H37Rv and subjected to autophagic induction and CFU analysis as in (A).
(C–H) RAW264.7 or BMM cells were treated with inhibitors of autophagosome acidification (C and D), cytoskeleton polymerization (E and F), or lysosomal prote-
ases (G and H) upon autophagic induction for 4 hr. Cells were then lysed to determine the number of viable bacteria by plating CFU.
(I–L) p62 was depleted from RAW264.7 cells using siRNAs. At 48 hr after transfection, cells were infected withM. tuberculosisBCG (I and K) or H37Rv (J and L) and
subjected to autophagic induction by starvation for 4 hr or IFN-g for 24 hr. Cells were then lysed and the numbers of viable bacteria were determined by plating cfu.
(M) p62-deficient (p62 KO) BMM cells were infected with M. tuberculosis H37Rv and subjected to autophagic induction and cfu analysis as in (B). All samples
(including those labeled as Full and Starve) in (C)–(H) contained DMSO as a vehicle used to solubilize compounds. Data are means ± SEM from at least three
independent experiments; **p < 0.01, *p < 0.05, and yp R 0.05, all relative to starvation control. See also Figure S1.
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Figure 2. p62 Is Important for Autophagic Elimination of Tubercle Bacilli but Does Not Function in the Maturation of Mycobacterial Phago-
somes
(A–D) Autophagy enhances p62 colocalization with mycobacterial phagosomes. RAW264.7 cells were infected with Alexa-568-labeled BCG and chased for 1 hr
in complete media. Cells were then subjected to autophagic induction for 4 hr by starvation (A and B) or 24 hr by IFN-g treatment (C and D). Cells were fixed and
stained for p62.
(E–H) p62 does not play a role in mycobacterial phagosome maturation. RAW264.7 cells were transfected with siRNAs against p62 or scramble control. At 48 hr
after transfection, cells were infected with Alexa-488-labeled mycobacteria and chased for 1 hr in complete media. Cells were subjected to autophagic induction
by starvation for 4 hr and stained with LysoTracker Red (E and F) or cathepsin D (G and H) to determine the acidification and acquisition of a lysosomal protease by
mycobacterial phagosomes. Data are means ± SEM from at least three independent experiments. At least 50 phagosomes per category per independent exper-
iment were quantified using % BCG-marker colocalization; **p < 0.01, *p < 0.05, and ypR 0.05, all relative to starvation control. For Pearson’s colocalization
coefficient (defined in Experimental Procedures), exact p values are shown and number of phagosomes analyzed in each category indicated. See also Figures
S2 and S3 and Movies S1 and S2.
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Autophagy Generates Neo-antimicrobial Peptidesautophagic receptor protein proposed to act on ubiquitinated
targets (Kirkin et al., 2009) (Figures S2D and S2E). Survival
assays of M. tuberculosis var. bovis BCG (BCG) and virulent332 Immunity 32, 329–341, March 26, 2010 ª2010 Elsevier Inc.M. tuberculosis H37Rv in cells depleted for p62 by siRNA
(Figure S1C) showed decreased autophagic killing (Figures 1I
and 1J) without affecting bacterial uptake by macrophages
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Autophagy Generates Neo-antimicrobial Peptides(Figures S1D and S1E). In addition to the requirement for p62 in
starvation-induced autophagic killing, p62 was important for
IFN-g induced killing of BCG (Figure 1K) and virulent M. tubercu-
losis H37Rv bacilli (Figure 1L). BCG showed increased colocali-
zation with p62 in cells treated with IFN-g (Figures 2C and 2D).
Furthermore, using BMM from p62-deficient mice (Komatsu
et al., 2007), we found that BMM from p62-proficient animals
(Sqstm1+/+) killed M. tuberculosis H37Rv more efficiently than
BMM from p62-deficient mice (Figure 1M). BMM from p62-
deficient mice did not show any detectable p62 (Figure S1F)
and displayed no change in M. tuberculosis H37Rv uptake
relative to wild-type mice (Figure S1G). These observations
indicate that p62 is important for autophagy-mediated killing of
mycobacteria.
Autophagic Adaptor p62 Does Not Influence Lysosomal
Maturation of Compartments Harboring Mycobacteria
We tested whether gene targeting of p62 exerted its mycobacte-
ria-sparing effects by affecting maturation of intracellular
compartments containing mycobacteria. First, we examined
whether p62 gene targeting altered autophagy in general, as
assessed by starvation-induced proteolysis of stable proteins.
Autophagic proteolysis did not change with p62 targeting
(Figure S3A) in keeping with the previous reports (Komatsu
et al., 2007). When p62 was targeted in RAW264.7 cells, myco-
bacterial phagosome acidification and acquisition of a lysosomal
protease, cathepsin D, were not altered (Figures 2E–2H).
Autophagy induction still increased acidification of mycobacte-
rial phagosomes in cells treated with p62 siRNA, as determined
by LysoTracker Red staining (Figures 2E and 2F). Similarly,
immunofluorescence analyses indicated that p62 depletion by
siRNA did not inhibit enhanced delivery of cathepsin D to myco-
bacterial phagosomes associated by autophagy (Figures 2G
and 2H). Thus, p62 requirement in autophagic elimination of
the tubercle bacilli is independent of organelle maturation, ruling
out the simplest explanation that p62 depletion exerted its
mycobacteria-protective effect by inhibiting delivery of BCG to
autophagic organelles such as autolysosomes. It has also
been reported that absence of p62 can affect NF-kB expression
(Mathew et al., 2009), and because this cytokine plays a role in
several immune processes, we tested whether NF-kB expres-
sion was altered in our experiments. Targeting of p62 did change
the NF-kB activation, as determined by pNF-kB:Luc probe, in
cells incubated in starvation or full medium or treated with
IFN-g (Figures S3B and S3C). However, NF-kB was not a factor
in starvation-induced autophagic killing of mycobacteria
because when p65 was depleted by siRNA (Figure S3D) in cells
stimulated for autophagy by starvation or IFN-g treatment, there
was no alteration in M. tuberculosis H37Rv survival (Figures S3E
and S3F). These observations ruled out indirect effects of p62 on
mycobacterial survival, and, taken together with the results
indicating that p62 was not required for mycobacterial transfer
to autolysosomes, suggested a less predictable role for p62
function in autophagic elimination of tubercle bacilli.
Adaptor p62 Functions in Autophagic Delivery of
Microbicidal Factors to the Mycobacterial Phagosome
We next tested an alternative hypothesis that p62 brings
specialized autophagic microbicidal components to the myco-bacterial phagosome. One distinguishable feature of autopha-
gosomes is that they collect cytosolic components including
ribosomes (Kraft et al., 2008b). Importantly, a subset of ribo-
somal proteins have been previously reported as possessing
microbicidal activity against Gram-positive and Gram-negative
bacteria (Howell et al., 2003; Tollin et al., 2003). The ribosomal
proteins in question include L30, S19, and S30. S30 is also
known as rpS30 or ubiquicidin and is referred herein as
rpS30. How these ribosomal proteins meet their targets has
not been examined in the past studies, although rpS30 has
been identified as an antimicrobial polypeptide within the cyto-
solic fraction of RAW264.7 macrophages activated with inter-
feron-g (IFN-g) (Hiemstra et al., 1999), a cytokine now known
to be an autophagic inducer (Deretic and Levine, 2009; Levine
and Deretic, 2007).
We examined if any of the above ribosomal proteins were
recruited to mycobacterial phagosomes upon induction of
autophagy. Interestingly, rpS30 is synthesized as a precursor
protein (Figure S4A) called Fau (a fusion of rpS30 with a ubiqui-
tin-like domain at its N terminus) (Olvera and Wool, 1993).
A substantial increase was observed in Fau localization with
mycobacterial phagosomes upon autophagic induction (Figures
3A and 3B and Movie S3). Fau colocalization with BCG
phagosomes showed two morphological types: (1) punctate
(Figure 3A, middle panel of images, and Movie S3) and (2)
homogenous distribution (Figure 3A, bottom panel of images).
Immunofluorescence analysis of Fau and endogenous LC3 indi-
cated that Fau was delivered to LC3-positive compartments
(Figure S4B). The colocalization of Fau with mycobacterial
phagosomes in cells induced for autophagy by starvation was
dependent on Atg5 (Figures S4C and S4D), as shown by
comparing BMM from wild-type and LyzM-Cre Atg5fl/fl mice
that have lost Atg5 specifically in myeloid cells (Zhao et al.,
2008). An increase in Fau-BCG phagosome colocalization was
also detected in cells stimulated with IFN-g (Figures S4E and
S4F). In contrast, no increase in colocalization of ribosomal
proteins S19 or L30 with the tubercle bacilli was detected in cells
undergoing autophagy (Figures 3C–3F). The absence of colocal-
ization with rpL30 and rpS19 indicated specificity for Fau in this
process. When p62 was depleted, a decrease in Fau delivery to
mycobacterial phagosomes was noted (Figures 3G and H).
These data indicate that p62 is required for the trafficking of
Fau to the mycobacterial phagosome.
In the next set of experiments, we developed an in vitro killing
assay with extracts from phagosomes purifed form cells induced
for autophagy (KEPPA). For KEPPA, we prepared phagosomal
compartments (purified by magnetic beads as described in
Experimental Procedures) from cells induced for autophagy by
starvation. These organelles were then subjected to release of
the lumenal content by mild detergent treatment (as described
in Experimental Procedures) and the obtained material was
used for in vitro killing assay with M. tuberculosis H37Rv.
When these extracts were prepared from cells knocked down
for p62, the killing capacity was abrogated (Figure 3I), indicating
that p62 was important for delivery of mycobactericidal ingredi-
ents to the lytic organelles.
Applying the in vitro killing KEPPA assay described above, we
next immunodepleted Fau (Figure 3J) from phagosomal lumenal
extracts before subjecting M. tuberculosis H37Rv to killing.Immunity 32, 329–341, March 26, 2010 ª2010 Elsevier Inc. 333
Figure 3. p62 Functions by Delivering Microbicidal Ribosomal Protein S30 (rpS30) to the Mycobacterial Phagosomes
(A and B) Autophagy increases Fau (a fusion precursor protein consisting of rpS30 and a ubiquitin-like domain) colocalization with mycobacterial phagosomes.
RAW264.7 cells were infected with Alexa-568-labeled BCG and chased for 1 hr in complete media. Cells were then subjected to autophagic induction for 4 hr by
starvation. Cells were fixed and stained for rpS30.
(C–F) Autophagy does not enhance the delivery of ribosomal proteins S19 (rpS19) or L30 (rpL30) to mycobacterial phagosomes. Cells were treated as in (A) and
(B) but stained for rpS19 (C and D) or rpL30 (E and F).
(G and H) p62 is required for autophagic translocation of Fau to mycobacterial phagosomes. p62 was depleted from RAW264.7 cells with siRNAs. At 48 hr after
transfection, cells were infected with Alexa-568-labeled BCG, subjected to autophagic induction, and stained for Fau. Type I (punctate distribution) and type II
(homogeneous distribution) refer to two different morphotype patterns observed in colocalization between Fau and BCG. At least 50 phagosomes per category
per independent experiment (n = 3) were quantified using % BCG-marker colocalization; **p < 0.01, *p < 0.05, and ypR 0.05; in (H), relative to corresponding
scrambled siRNA-treated controls. For Pearson’s colocalization coefficient (defined in Experimental Procedures), exact p values are shown and number of phag-
osomes analyzed in each category indicated.
(I) p62 is important for cidal activity of phagosomal compartments. p62 was depleted from RAW264.7 cells with siRNAs. At 48 hr after transfection, cells were
infected with mixture of magnetic beads and mycobacteria for 1 hr and subjected for autophagic induction by starvation for 4 hr. Phagosomal contents were
purified as described in Experimental Procedures and used in in vitro killing assays. The numbers of viable bacteria were determined by plating CFU.
(J) Fau contributes to the mycobactericidal capacity of phagosomal compartments. Phagosomal contents were purified and subjected for immunodepletion of
Fau or Ubiquitin. The resulting lysates were then used in in vitro killing assays, and bacteria survival was determined by plating cfu.
(K and L) rpS30 fragments contain antimycobactericidal activity. rpS30 was subjected to proteolysis overnight with cathepsin L. rpS30 peptides at the indicated
concentration were then incubated with M. tuberculosis H37Rv for 2 days. Serial dilutions were then plated for cfu quantification. Data are means ± SEM from at
least three independent experiments. **p < 0.01, *p < 0.05, and ypR 0.05, all relative to control. See also Figure S4, Movie S3, and Table S1.
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Figure 4. p62 Delivers Ubiquitin and Micro-
bicidal Ubiquitin-Derived Peptides to the
Mycobacterial Phagosomes
(A and B) Autophagy promotes ubiquitin
colocalization with mycobacterial phagosomes.
RAW264.7 cells were infected with Alexa-568-
labeled BCG and chased for 1 hr in complete
media. Cells were then subjected to autophagic
induction for 4 hr by starvation. Cells were fixed
and stained for ubiquitin conjugates.
(C and D) p62 is necessary for the autophagic tar-
geting of ubiquitin conjugates to the mycobacterial
phagosomes. p62 was depleted from RAW264.7
cells with siRNAs. At 48 hr after transfection, cells
were infected with Alexa-568-labeled BCG, sub-
jected to autophagic induction, and stained for
ubiquitin conjugates as in (A and B). Data are
means ± SEM from at least three independent
experiments. At least 50 phagosomes per cate-
gory per independent experiment were quantified
using % BCG-marker colocalization; **p < 0.01
and *p < 0.05, all relative to control. For Pearson’s
colocalization coefficient (defined in Experimental
Procedures), exact p values are shown and
number of phagosomes analyzed in each category
are indicated. See also Figure S5.
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was abrogated by immunodepletion of Fau (Figure 3J, bars 1–4).
Thus, Fau supplies at least a portion of bactericidal activity in
autophagolysosmal organelles.
Based on our results that Fau is accumulated in mycobacterial
phagosomes upon autophagic induction, that its delivery
depends on p62, and that Fau supplies important killing activity,
we examined if its portion corresponding to rpS30, previously
shown to possess antibacterial activity (Hiemstra et al., 1999;
Howell et al., 2003; Tollin et al., 2003), may be improtant.
Although previous studies have not investigated the mechanism
for delivery of rpS30 to bacteria and have not tested it against
mycobacteria, having now a plausible delivery process and
data showing that its precursor Fau enhances kiling activity,
we tested whether rpS30 possessed activity against mycobac-
teria. A 59-residue polypeptide corresponding to rpS30 was
synthesized and tested for its ability to kill mycobacteria. Intact
rpS30 could not kill virulent M. tuberculosis H37Rv (Figure 3K).
However, incubation of rpS30 with lysosomal proteinase
cathepsin L resulted in a liberation of mycobactericidal activity
from the protein (Figure 3L). In titration experiments, where
both components (Cathepsin L and rpS30) were simultaneously
diluted in 10-fold increments, the killing activity was abrogated
in samples with 1/100 dilution. Cathepsin L alone, when used
at the highest concentration (0.05 u/ml), showed only 17%
decrease in mycobacterial viability (Figure 3L, last bar). At the
same concentration of Cathepsin L, samples containing 100 or
10 mM rpS30 showed a 3-fold and a 2-fold drop in viability rela-Immunity 32, 329–34tive to control (Figure 3L, bars 3 and 4).
We also examined the proteolytic prod-
ucts by mass spectrometry and identifed
three fragments (rpS30-1, AKQEKKKKK;
rpS30-2, NRRFNVVPTFGK; and rpS30-3,GKKKGPNANS) specifically liberated from rpS30 by cathepsin L
(Table S1). Of these three fragments, rpS30-2 efficiently
killed virulent M. tuberculosis H37Rv (Table S1). Altogether,
these data indicate that rpS30 peptide fragments kill
mycobacteria and may contribute to the autophagic elimination
of the tubercle bacilli due to delivery of rpS30 to autophagic
organelles.
We also observed increased colocalization of ubiquitinated
proteins with mycobacterial phagosomes upon induction of
autophagy by starvation (Figures 4A and 4B) in keeping with
the observation by Alonso et al. (2007). This colocalization was
dependent on Atg5 (Figures S5A and S5B). As with starvation,
colocalization between ubiquitinated proteins and BCG was
detected in cells treated with IFN-g (Figures S5C and S5D). As
previously reported (Kim et al., 2008), endogenous LC3 and
ubiquitin showed colocalization (Figure S5E). More importantly,
we detected a decrease in the delivery of ubiquitinated proteins
to mycobacterial phagosomes (Figures 4C and 4D) upon p62
depletion. In the KEPPA assay, we observed a trend with ubiqui-
tin immunodepletion, albeit the statistical significance cutoff
was not reached (p = 0.23) (Figure 3J, bar 5). A combination of
Fau and ubiquitin immunodepletion showed, as expected based
on immunodepletion of Fau alone (Figure 3J, bar 3), a strong
reduction in mycobactericidal potential (Figure 3J, bar 7). Collec-
tively, these data indicate that p62 contributes to autophagic
targeting of several cytosolic proteins, including the ribosomal
precursor protein Fau and ubiquitin-positive material to the
mycobacterial phagosome.1, March 26, 2010 ª2010 Elsevier Inc. 335
Figure 5. PB1, LIR, andUBADomains of p62
Are Vital for Ubiquitin and Fau Delivery to
the Mycobacterial Phagosomes
(A–D) RAW264.7 cells were transfected with GFP-
tagged p62 constructs with mutation in PB1,DLIR,
or DUBA domains. At 24 hr after transfection, cells
were infected with Alexa-568-labeled BCG and
chased for 1 hr in complete media. Cells were
then subjected to autophagic induction by starva-
tion for 4 hr and stained for ubiquitin conjugates (A
and C) or Fau (B and D). Data are means ± SEM
from at least three independent experiments. For
each experiment, at least 50 phagosomes were
quantified per condition. **p < 0.01, all relative to
starvation control. See also Figure S6.
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for Autophagic Delivery of Fau and Ubiquitin
to the Mycobacterial Phagosome
Next, specific domains (Figure S6A) of p62 of importance for the
above processes were studied. The N-terminal PB1 domain
enables p62 to interact with other PB1 domain-containing
proteins and p62 itself to form heterodimers and oligomers
(Lamark et al., 2003). At its C terminus, p62 has a UBA domain
that binds to ubiquitin (Kirkin et al., 2009). Recently, the middle
region of p62, designated LIR, has been shown to bind directly
to autophagosomal proteins LC3 and GABARAP (Ichimura
et al., 2008; Pankiv et al., 2007). Both PB1 and UBA domains
of p62 are required for ubiquitinated protein aggregate forma-
tion, and LIR is needed for p62-LC3 interaction, allowing recog-
nition of ubiquitinated protein aggregate and its targeting for336 Immunity 32, 329–341, March 26, 2010 ª2010 Elsevier Inc.degradation by autophagy (Bjørkøy
et al., 2005; Ichimura et al., 2008; Pankiv
et al., 2007). We transfected GFP-tagged
p62 constructs with a mutated PB1,
DLIR, or DUBA domain into RAW264.7
macrophages and examined effect on
ubiquitin delivery to mycobacterial phag-
osomes. The expression of p62 mutants
was assessed by immunofluorescence
(Figures 5A and 5B) and by immunoblots
(Figure S6B), and their relationship to
endogenous LC3 was determined by
fluorescence microscopy (Figure S6C).
The mutated PB1, DLIR, and DUBA p62
were previously shown to act as domi-
nant-negative mutants in autophagic
assays (Bjørkøy et al., 2005; Pankiv
et al., 2007). Overexpression of all p62
mutants interfered with the traffic of ubiq-
uitin to mycobacterial phagosomes
following autophagy induction by starva-
tion (Figures 5A and 5C and Figure S6D).
The PB1 domain p62 mutant does not
form aggregates while mutant p62DLIR
forms aggregates, but both interfered
with delivery of ubiquitin to BCG phago-
somes, and thus, the results of the inter-
ference assay cannot be attributed toaggregate formation. Similar domain requirement was observed
for Fau delivery to BCG phagosomes (Figures 5B and 5D and
Figure S6E). These results indicate that p62 oligomerization,
interaction with LC3, and recognition of ubiquitin are all needed
for proper delivery of Fau and ubiquitin complexes to mycobac-
terial phagosomes, confirming the importance of p62 in this
autophagic trafficking process.
Biochemical Analysis of p62 in Delivery of Fau
and Ubiquitin Conjugates to Phagosomes
We isolated magnetic bead phagosomes (MBP) from RAW264.7
cells undergoing autophagy and probed for associated proteins
by immunoblotting (Figure 6A). Both Fau and ubiquitin conju-
gates were found to be associated with MBP (Figure 6A, lanes
1 and 2). Upon induction of autophagy, there was an increase
Figure 6. p62 Is Important for the Trafficking of Fau
and Ubiquitin Conjugates to the Phagosomes
(A) Autophagy increases Fau and ubiquitin conjugates
translocation to magnetic bead phagosomes. RAW264.7
cells were infected with mycobacteria in a mixture with
magnetic beads and subjected to autophagic induction
by 2 hr starvation in the presence or absence of bafilo-
mycin A1 treatment to inhibit autophagic degradation.
Magnetic bead phagosomes (MBP) and post nuclear
supernatant less of MBP (PNS) were then isolated and
subjected to immunoblot analysis for indicated proteins.
(B) p62 is vital for Fau and ubiquitin conjugate delivery
to the phagosomes. Cells were depleted of p62 using
siRNAs and subjected to the same treatments as in (A)
under starvation condition. MBP and PNS were then iso-
lated and analyzed by immunoblotting. See also Figure S7.
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with MBP (Figure 6A, lanes 3 and 4, top and bottom sets). As
expected, polyubiquitinated material appeared as multiple
bands or a smear on immunoblots (Figure 6A, bottom set) These
biochemical data reinforce our immunofluorescence micros-
copy findings showing accumulation of Fau and ubiquitinated
proteins in phagosomes upon autophagic induction. The Fau
delivered to these organelles was undergoing degradation, albeit
with slower kinetics than ubiquitin conjugates and p62, as seen
when amounts of all three substrates were compared to samples
subjected to bafilomycin-conferred protection from degradation
(Figure S7).
To assess p62 role in trafficking of Fau and ubiquitin conju-
gates into phagosomes, we depleted p62 from cells undergoing
autophagy (Figure 6B). The amount of Fau and polyubiquitin
conjugates were diminished in cells subjected to p62 knock-
down and treated with bafilomycin A1 (Figure 6B, lane 4)
compared to control cells treated only with bafilomycin A1
(Figure 6B, lane 2). These results show that p62 is required in
the autophagic delivery of Fau and ubiquitin conjugates to the
phagosomes.
Fau Forms a Complex with p62
The interaction between p62 and ubiquitin has been extensively
characterized (Kirkin et al., 2009; Vadlamudi et al., 1996). In
contrast, it is not known whether or how p62 and Fau interact.
Since Fau contains a ubiquitin-like domain at its N terminus,
we hypothesize that this domain may mediate Fau interaction
with p62. Alternatively, Fau itself could be modified by ubiquitin
conjugation, thus facilitating interaction with p62. We performed
immunocolocalization between endogeneous Fau, p62, and
ubiquitin (Figure 7A). The Fau staining pattern was diffuse in
the cytosol but additionally showed punctate distribution. The
Fau puncta colocalized with a subset of p62 and ubiquitin puncta
in cells (with or without autophagic stimulation). To determine
if endogeneous Fau could associate with p62, we carriedImmunity 32, 3out coimmunoprecipitation experiments. Using
anti-p62 for immunoprecipitation, we observed
that endogenous Fau coprecipitated with p62
(Figure 7B). Another Fau antibody-reactive
band corresponding to the size of monoubiqui-
tinated Fau was seen. When we reprobed theblot with mono- and polyubiquitin antibodies, this band was
identified as monoubiquitinated Fau. Hence, both ubiquitin-
free Fau and monoubiquitinated Fau are found in complexes
with p62.
Additional immunoprecipitation experiments using individual
p62 domains fused to GFP showed that the UBA domain of
p62 interacted with endogenous Fau (Figure 7C). This interaction
was specific to the UBA domain, as we did not observe coimmu-
noprecipitation of Fau with the PB1 domain of p62 (Figure 7C,
lane 2). These data indicated that p62 binds to Fau via its ubiq-
uitin associated (UBA) portion.
Based on these experiments, antimycobacterial properties of
cathepsin fragments of Fau, and enhanced colocalization of Fau
with mycobacteria, we conclude that Fau and additional ubiqui-
tinated protein complexes are delivered by p62 to compartments
where their processing upon induction of autophagy allows them
to exert their antimycobacterial action. Thus, p62 is a hitherto
unappreciated mediator of innate immunity.
DISCUSSION
In this work, we have uncovered two previously unappreciated
key mechanisms explaining how autophagy exerts its direct
antibacterial function that sets it apart from conventional
bactericidal compartments such as phagolysosomes: first,
p62, a protein previously known to assist autophagic clean-up
of protein aggregates toxic to the cell of importance in neurode-
generative disease (Bjørkøy et al., 2005; Komatsu et al., 2007), is
used for immunological purposes in macrophages (and likely in
other cells) to deliver cytosolic proteins to autolysosomes
where they are converted proteolytically into neo-antimicrobial
peptides; and second, this p62-dependent process unleashes
a cryptic capacity of cytosolic proteins to give rise to antibacte-
rial peptides upon autophagic conversion from their innocuous
forms supporting routine cellular functions. This is an example
of a resourceful utilization of cellular components, normally29–341, March 26, 2010 ª2010 Elsevier Inc. 337
Figure 7. Fau Interacts with p62 In Vivo
(A) Fau, p62, and ubiquitin conjugates are colocal-
izing in cells with or without undergoing autoph-
agy. RAW264.7 cells were subjected to autopha-
gic induction by starvation for 2 hr and
immunostained for endogenous Fau, p62, and
ubiquitin conjugates.
(B) Fau is found in the same immune complexes
with p62. RAW264.7 cells were infected with
mycobacteria for 1 hr, washed, and harvested.
Cell lysates were prepared and subjected
for immunoprecipitation experiments, and the
immune complexes were analyzed by immuno-
blotting with indicated antibodies. 100 mg of input
was also analyzed in parallel.
(C) The ubiquitin associate domain (UBA) of
p62 interacts with Fau in vivo. P62 full-length or
PB1 domain containing R21A/D69A mutation
(to prevent oligomerization) or UBA domain tagged
with GFP plasmids were tranfected into
RAW264.7 cells. Forty-eight hours after transfec-
tion, cells were subjected for immunoprecipita-
tion, and the immune complexes and cell lysates
were analyzed by immunoblotting.
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Autophagy Generates Neo-antimicrobial Peptidesengaged in anabolic processes (e.g., protein synthesis on ribo-
somes) or destined for degradation (ubiquitinated complexes),
into innate immunity effectors available in principle to every cell
within its own cytoplasm in protection against microbial invasion.
The first principal finding of our studies is that p62, a protein
previously implicated in autophagic removal of cytoplasmic
protein aggregates in nonimmunological contexts (Bjørkøy
et al., 2005; Ichimura et al., 2008; Noda et al., 2008; Pankiv
et al., 2007; Shvets et al., 2008), has an innate immunity function.
It appears that p62 shows specialization for this role, as its pa-
ralog NBR1, which has similar properties (albeit with regulatory
and distribution differences) in terms of interaction with LC3
and ubiquitinated protein aggregates (Bjørkøy et al., 2005; Kirkin
et al., 2009; Pankiv et al., 2007), showed no recruitment to myco-
bacterial phagosomes upon induction of autophagy while p62
did. This differential activity is mirrored in observations reported
by Kirkin et al. (2009), indicating partial complementarity rather
than full redundance of p62 and NBR1 distribution and functions.
A further finding regarding p62 role is that acquisition of lyso-
somal hydrolases and acidification of compartments harboring
intracellular mycobacteria in macrophages induced for autoph-
agy are independent of p62. This separation of functions under-
scores the special role that p62 plays in conferring microbicidal
properties on autophagic organelles.
The second principal finding of our work is that cytoplasmic
proteins with no overt immunological function have an ‘‘afterlife’’
following their autophagic degradation. At least one aspect
of this has already become well appreciated—the MHC-II
restricted endogenous antigen presentation with important
functions in central tolerance (Nedjic et al., 2008) and potential
role in adaptive immunity against viruses (Schmid and Mu¨nz,338 Immunity 32, 329–341, March 26, 2010 ª2010 Elsevier Inc.2007). In these processes, autophagy captures and processes
cytosolic proteins for loading onto MHC II molecules (Schmid
and Mu¨nz, 2007). A previous study by Alonso et al. has sug-
gested that ubiquitin fragments can be enriched in compart-
ments harboring M. tuberculosis upon induction of autophagy
(Alonso et al., 2007), but how this occurs remained unclear.
The same puzzle applies to the earlier reports that a subset
of ribosomal proteins L30, S19, and S30 can yield cryptic
microbicidal activities against Escherichia coli, Bacillus megate-
rium, Candida albicans, Listeria monocytogenes, Salmonella
typhimurium, Staphylococcus aureus, and Yersinia enterocoli-
tica (Hiemstra et al., 1999; Howell et al., 2003; Tollin et al.,
2003). The data in our studies now show that p62 ferries
ribosomal proteins and ubiquitinated complexes as inactive
precursors to autophagosomes where they give rise to neo-
antimicrobial peptides upon digestion. Whether this occurs in
a single step of delivery to mycobacteria-containing organelles
or is delivered first to a separate pool of autolysosomal
organelles or vesicles that subsequently fuse with mycobacte-
rial phagosomes remains to be determined. Regardless of the
precise routing order, a subset of Fau, p62, and ubiquitin pro-
files were colocalizing with the autophagosomal marker LC3,
suggesting involvement of bona fide autophagic organelles.
We also noted that not all p62 cargo delivered to degradative
compartments showed equal degradation rates. In these exper-
iments, Fau was degraded slower than ubiquitin conjugates and
p62, although it was a substrate for degradation as seen by
appreciable bafilomycin-conferred protection from degradation.
This is in keeping with the observations that Fau appears both
punctate on and uniformly distributed within a substantial frac-
tion of mycobacterial phagosomes, unlike p62 and ubiquitin
Immunity
Autophagy Generates Neo-antimicrobial Peptidesthat are detectable only in punctate profiles associating with
mycobacterial compartments.
The generic cytoplasmic sources of bactericidal peptides
such as ubiquitin (Kieffer et al., 2003; Wang et al., 2002) recently
implicated inM. tuberculosis killing (Alonso et al., 2007) and ribo-
somal proteins (Hiemstra et al., 1999; Howell et al., 2003; Tollin
et al., 2003) can now be added to the list of antimycobacterial
peptides (Liu et al., 2007; Miyakawa et al., 1996; Sharma et al.,
2000). Interestingly, although rpS30 is conserved in eukaryotic
cells form yeast to man, the synthesis of rpS30 as a fusion
protein is evolutionally restricted to metazoa, and the equivalent
ribosomal protein is produced free of the ubiquitin-like domain
FUb in yeast, plants, and protozoa (Baker et al., 1996). This
evolutionary restriction of the ubiquitin-like domain of Fau in met-
azoa coincides with the fact that p62 is only found in multicellular
animals. The coevolution of the two proteins, therefore, strongly
suggests their linked functions in support of their newly found
role in innate immunity against M. tuberculosis uncovered in
this work.
Because the cytoplasm is a rich source of a variety of proteins,
the combinatorial wealth of generating bioactive peptides, such
as those with antimicrobial action shown here, is possibly an
important cellular resource that may not be limited to direct
bactericidal action and immune control. Thus, in addition to
autophagic killing factors identified here, we predict that there
are further components and activities with immunological and
nonimmunological functions produced by autophagic organelles
from cytosolic proteins and other cytoplasmic constituents that
may be of interest to examine for cryptic biological functions.
EXPERIMENTAL PROCEDURES
Cell and Bacterial Culture
RAW264.7 macrophages (ATCC, No. TIB-71) were maintained in DMEM
(GIBCO), 10% FBS (Hyclone), and 4 mM L-glutamine (GIBCO) (full media).
Murine BMM cells were isolated from femurs of C57/BL6 or Atg5fl/fl and
Atg5fl/fl Lyz-Cre mice or p62-deficient and p62-proficient mice as previously
described (Komatsu et al., 2007; Zhao et al., 2008) and maintained in
DMEM, 20% FBS, 4 mM L-glutamine, and m-CSF. M. tuberculosis H37Rv
and BCG were grown in Middlebrook 7H9 broth or on 7H11 plates with
0.05% Tween 80, 0.2% glycerol, and albumin dextrose catalase (ADC) enrich-
ment (+ oleic acid for H37Rv) (BD Biosciences) and homogenized to generate
single-cell suspension.
Inhibitors, Fluorescent Dyes, Antibodies, and DNA Constructs
All inhibitors used in this study are from Sigma unless otherwise indicated.
Bafilomycin A1 (LC laboratories) was used at 100 nM. NH4Cl was used at
20 mM. Nocodazole and cytochalasin D were used at 10 mM. E64d and pep-
statin A were used at 10 mg/ml. LysoTracker Red (Invitrogen) was used at
1:4000. For immunofluorescence assays, polyclonal antibodies against
cathepsin D (R&D Systems) were used at 1:10, monoclonal antibody against
ubiquitin conjugates (FK2, Biomol) was used at 1:100, polyclonal antibodies
against p62 (Progen) were used at 1:500, polyclonal antibodies against LC3
(from Z. Elazar, The Weizmann Institute of Science, Israel, and T. Ueno, Jun-
tendo University School of Medicine, Japan) were used at 1:50, and polyclonal
antibodies against rpS19, rpL30, and Fau (Abcam) were used at 1:50. For
immunoblotting, polyclonal antibodies against p62 (Progen) were used at
1:5000, polyclonal antibodies against Atg5 (Novus) were used at 1:1000,
monoclonal antibody against Rab7 (Sigma) was used at 1:1000, monoclonal
antibody against mono and polyubiquitin conjugates (FK2, Biomol) was used
at 1:1000, monoclonal antibody against polyubiquitin conjugates (FK1, Bio-
mol) was used at 1:1000, polyclonal antibodies against Fau were used at
1:100, monoclonal antibody against actin (Abcam) was used at 1:2000, mono-clonal antibody against p65 (Santa Cruz) was used at 1:500, and monoclonal
antibody against GFP (Abcam) was used at 1:1000. Plasmid constructs used in
this study were previously described (Bjørkøy et al., 2005; Lamark et al., 2003;
Pankiv et al., 2007).
Macrophage Transfection
RAW264.7 cells were transfected based on manufacturer’s protocol (Amaxa).
Briefly, cells were passaged at 1:3 dilution into new flasks 24 hr before trans-
fection. Cells were harvested and 1015 3 106 cells were resuspended in
electroporation buffer solution V. Plasmid DNAs (5 mg) or siRNAs (1.5 mg, Dhar-
macon) were mixed with 0.1 ml of cell suspension, transferred to a cuvet, and
nucleoporated with Amaxa Nucleofector apparatus. Cells were then trans-
ferred into 12 ml complete media and cultured at 37C for either 24 hr (trans-
fected with plasmid DNAs) or 48 hr (transfected with siRNAs) before being
used in assays.
Infection, Microbial Survival, and Immunofluorescence Microscopy
Methods
Determination of autophagic killing of intarcellular mycobacetria was carried
out as described (Ponpuak et al., 2009). For confocal microscopy,
RAW264.7 cells were plated onto coverslips in 12-well plates (3 3 105 cells
per well) 24 hr before infections. Cells were infected with 3 3 106 Alexa 488-
or Alexa 568-labeled mycobacteria per well for 15 min at 37C, washed three
times with complete media, and chased in complete media for 1 hr. Autophagy
was induced by washing cells three times with 2 ml of either complete or star-
vation media or complete media supplemented with 500 u/ml murine IFN-g
(Sigma) and cells incubated for 4 hr (starvation) or 24 hr (IFN-g) at 37C. Cells
were then fixed with 4% paraformaldehyde/PBS and permeabilized with 0.1%
Triton X-100/PBS or 100 mg/ml digitonin/PBS, or fixed with methanol and
permeabilized with acetone. Cells were blocked for 1 hr in PBS containing
3% BSA and incubated with primary antibodies, according to the manufac-
turer’s recommendation. Cells were then washed three times with PBS and
incubated in appropriate secondary antibodies (Invitrogen). The coverslips
were mounted in mounting medium and analyzed by confocal microscopy
using the Zeiss 510 Laser Scanning Microscope. For LysoTracker Red stain-
ing, cells were prestained in complete media containing LysoTracker Red for
2 hr at 37C before infection. Subsequent steps were carried out as described
above but in the presence of LysoTracker Red until the cells were fixed. For
quantification, % BCG-marker colocalization was fraction of total BCG phag-
osomes examined scored as positive when one or more puncta or homoge-
neously distributed marker were observed overlapping, on, or in contact
with mycobacterial phagosome. At least 50 phagosomes per experimental
condition in three independent experiments were quantified. Where Pearsons’
colocalization coefficient (Rr =S[(S1i-S1avg)3 (S2i-S2avg)]/[S(S1i-S1avg)
23S(S2i-
S2avg)
2]1/2; with Rr values ranges of R 1 and % +1) was displayed, it was
determined using SLIDEBOOK 5.0 (Intelligent Imaging Innovations) applying
the SLIDEBOOK 5 default algorithm command ‘‘OR.’’ The OR command
allows the pixels in an object to be binned and counted as positive green
and red profiles that do not absolutely overlap but are tethered and only
partially overlap (see Movies S1–S3, showing how these objects are tethered
and associated dynamically with the phagosomes).
Purification ofMagnetic Bead Phagosomes and In Vitro Killing Assay
Magnetic bead phagosomes were prepared as follows: RAW264.7 macro-
phages were infected with mycobacteria at MOI of 10 mixed with magnetic
particles (Polysciences) (1/45, v/v) in complete media for 30 min at 37C. After
three washes with cold PBS, cells were incubated for 2 hr at 37C in either
complete or starvation media in the absence or presence of 100 nM bafilomy-
cin A1, washed with cold PBS, and lysed in homogenization buffer (HB)
(250 mM sucrose, 0.5 mM EGTA, 3 mM imidazole [pH 7.2] supplemented
with protease inhibitors) by passing through 22-gauge needles connected to
a two-syringe apparatus. Post nuclear supernatant (PNS) was generated,
and magnetic bead phagosomes (MBP) were isolated using a magnetic sepa-
rator (Polysciences) and washed four times with HB. PNS (25 mg) and MBP
(10 mg) were analyzed by immunoblotting. For p62 gene-targeting experi-
ments, RAW264.7 macrophages were transfected for 48 hr with scramble or
p62 siRNAs and phagosomes were prepared as described above. 5 mg of
MBP associated proteins were analyzed by immunoblotting. For in vitro killingImmunity 32, 329–341, March 26, 2010 ª2010 Elsevier Inc. 339
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from cells induced for autophagy), phagosomes were prepared as described
above from cells subjected to 4 hr starvation medium. MBP contents were
released using 20 mM sodium acetate buffer (pH 5.5) containing 1% Tween
20. This lysate was then centrifuged at 100,000 3 g, 4C, for 1 hr. Protein
concentration was then measured using BCA methods. Lysates (150 mg/ml)
were then incubated with H37Rv (1 3 105 cfu/ml) for 2–4 d at 37C before
plating. For immunodepletion, MBP lysates were prepared from cells at time
points (2–4 hr) when full size Fau was detectable and was not degraded
(Figure 6A, compare lanes 3 and 4) as described above and then subjected
to 1.5 hr incubation with antibodies against Fau (Abcam) or Ubiquitin (FK2,
Biomol) or respective IgG controls at 4C. Protein G agarose (Santa Cruz)
was added to the sample for 0.5 hr. Lysates were centrifuged, and the super-
natants were then used in in vitro killing assays with H37Rv as described
above.
Immunoprecipitations
RAW264.7 macrophages were infected with mycobacteria at a MOI of 10 in
complete media for 1 hr at 37C. After three washes with cold PBS, cells
were harvested and resuspended in immunoprecipitation buffer (IP buffer)
containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Triton X-100, and
protease inhibitors. Cell lysate was generated by sonication at 4C three times
with a small probe, with 5 s pulse and 1 min rest between each pulse. Protein
concentration was then determined by standard BCA assays (Pierce) accord-
ing to the manufracturer’s protocol, and 7 mg of total protein was incubated
either with anti-p62 (Progen) or anti-GFP (Abcam) antibodies or their respec-
tive IgG control at 1:1000, 4C for 1 hr. Thirty microliters of ProteinG-conju-
gated magnetic bead was then added and incubated further at 4C for 1 hr.
Immune complexes were isolated using a magnetic separator (Polysciences)
and washed three times with IP buffer. Immune complexes were solubilized
in SDS loading buffer and were analyzed by immunoblotting. One-hundred
micrograms of protein input from each condition was analyzed.
Statistics
All data were analyzed with Prism software (Graphpad) using two-tailed
unpaired Student’s t tests. All experiments were performed at least three times
and the data were pooled for presentation using ± SEM.
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